Sustainable forest management implies successful regeneration following disturbances. 17
influence the ericaceous shrub cover (prediction P5). We posited that mechanical site 157 preparation positively influences foliar nutrition of the planted conifers, as well as soil 158 nutrient concentrations in their rooting zone (prediction P6). We expected that planting 159 mountain alder results in similar foliar nutrient and soil nutrient concentrations as 160 performing an intensive mechanical site preparation treatment (prediction P7). The 161 magnitude of the treatment effects on foliar and soil characteristics is expected to vary 162 between the planted conifer species (significant interactions) (prediction P8). We 163 hypothesized that seedling survival, dimensions and leader growth are positively related 164 to mechanical site preparation intensity (prediction P9), and that planting mountain alder 165 after standard mechanical site preparation results in similar seedling survival, dimensions 166 and leader growth as performing an intensive site preparation treatment (P10). The 167 planted conifer species is expected to interact with treatments to influence seedling 168 survival, dimensions and growth (significant interactions); we predicted that jack pine is 169 more responsive than black spruce (prediction P11). Finally, we hypothesized that the 170 magnitude of the conifer seedling responses is a function of mountain alder competition 171 expressed as a function of distance and relative height, conifer species, and the 172 interaction between the two (prediction P12).
D r a f t
plantation is located at the actual northern limit of commercial forestry in Québec, a limit 180 that is based upon a broad set of criteria (physical environment, timber production 181 capacity, forest vulnerability to fire, and conservation of biodiversity; Jobidon et al. 182 2015) . Climate is continental sub-polar sub-humid, with a short growing season (120 183 days). Mean annual temperature is -2.5 °C and annual precipitation is 900-1000 mm, of 184 which 40-45 % falls as snow, forming a snow cover of 400-450 cm deep. The study site 185 is about 32 ha in area and characterized as glacial till with a loamy-sand texture (71 % 186 sand, 19 % silt, and 10 % clay in the upper-B horizon). The soil that has developed from 187 this parent material is a Podzol (Soil Classification Working Group 1998) with occasional 188 
Seedling measurements and microsite characteristics 251
In the approximate centre of each subplot, we established a circular sampling plot of 200 252 m 2 (8 m radius) in which we tagged all planted conifer seedlings for long-term growth 253 assessments ( Fig. 1) . Each circular sampling plot contained 45 ± 1 planted conifers (mean 254 ± standard deviation). In each sampling plot, the three seedlings that were closest to the 255 centre were used for further soil and foliage sampling in October 2013. For each of these, 256
we collected a sample of current-year shoots and soil within a 10 cm radius from the root 257 plug. Foliar samples were used to determine nutrient concentrations (as described above). 258
Soil samples were dried at ambient temperature and ground to pass a 2 mm-mesh screen. 259
Total N and total C were determined by high temperature dry combustion (1350 °C), 260 followed by infrared detection of total C and thermal conductivity detection of total N 261 
Statistical analyses 276
We analyzed the 2013 percent cover of ericaceous shrubs (predictions P1 to P5), foliar 277 and soil nutrient concentrations (predictions P6 to P8), and seedling mensurational data 278 interactions with blocks were considered as random effects. Survival data were not 284 subjected to statistical analyses, as seedling mortality was marginal (see Results). All data 285 were verified for normality and homoscedasticity assumptions using the Shapiro-Wilk 286 statistics and standard graphical approaches (plots of residuals against fitted values and 287 probability plots). Natural-log, square-root, or inverse sine transformations were applied 288 when necessary (see table footnotes). In such cases, for the sake of clarity we present To test prediction P12, we used data from only the MSP S +AC plots and investigated how 297 distance between planted conifers and the nearest alder seedling influenced tree diameter. 298
To do so, the distance and relative height of alder in relation to the target conifers were 299 used to calculate angular height (Fig. 2) , a distance-dependent competition index (Biging 300 and Dobbertin 1992). Angular height, in turn, was considered, together with species and 301 their interaction, in a linear regression as a predictor of tree diameter using the MIXED 302 procedure of SAS, with Block and Block × Species as random effects. We used diameter 303 as a response variable because of its known sensitivity to competition for light compared 304 to height (e.g., Wagner and Robinson 2006) . Given that the Angular height × Species 305 interaction was not significant (F 1,305 = 2.88, P = 0.091), we re-ran the model without the 306 interaction term, thereby accounting for a common slope but distinct intercepts between 307 species. We took into account the heterogeneous variance among species using the 308 GROUP option of the REPEATED statement in the MIXED procedure of SAS (Littell et 309 al. 2006 
Foliar nutrient concentrations and soil characteristics (predictions P6 to P8) 323
Treatment effects on seedling foliar nutrient concentrations were similar across species 324 (no significant interaction; Table 1 ). All treatments increased foliar N (16 mg g -1 ) and P 325
(1.9 mg g -1 ) concentrations relative to the controls (N = 11 mg g -1 ; P = 1.7 mg g -1 ; t 31.8 ≥ 326 |-2.18|, P < 0.001), but did not differ from one another (t 32.3 ≤ 1.82, P ≥ 0.077). Foliar K, 327
Ca and Mg were not influenced by the treatments (Table 1) . Regardless of the treatments, 328 the species effect was highly significant for foliar N, P, K and Ca (Table 1) , but its 329 direction varied depending upon nutrient. We measured higher foliar P, K and Ca 330 concentrations in black spruce (P = 2.05 mg g -1 ; K = 6.7 mg g -1 ; Ca = 3.02 mg g -1 ) than in 331 jack pine (P = 1.65 mg g -1 ; K = 5.2 mg g -1 ; Ca = 1.97 mg g -1 ), but foliar N was higher in 332 jack pine (16 mg g -1 ) than in black spruce (13 mg g -1 ). Foliar magnesium concentrations 333 were similar across species (Table 1) . 334
335
Species and the treatments interacted to influence concentrations of soil nutrients, pH and 336 cation exchange capacity (Table 1) . Detailed analysis of the interaction showed that for 337 both species, soil N and P concentrations were similar in control, MSP S , MSP S +AC and 338 D r a f t treatments. For example, soil N was similar under jack pine seedlings and black spruce 340 seedlings in control plots, but higher under jack pine than black spruce in MSP S and 341 MSP S +AC plots. The species effect was reversed in MSP L plots. Soil P concentrations 342 were higher under black spruce than jack pine in MSP S plots (F 1,95 = 69.07, P < 0.001), 343 but similar among species in the other treatments (F 1,95 ≤ 1.05, P ≥ 0.308). Soil K was 344 lower in all treated plots compared to control plots, but only when black spruce was 345 planted (F 3,21.4 = 5.26, P = 0.007). We measured no such effect in jack pine-planted plots 346 (F 3,21.2 ≤ 2.66, P = 0.074). Soil K concentrations were higher under jack pine than black 347 spruce in the MSP S and MSP S +AC plots (F 1,95 ≥ 12.07, P < 0.001). Soil pH was similar 348 across treatments in the jack pine-planted plots ( (Fig. 3a) . After three growing seasons, jack pine seedlings were 363 taller than black spruce seedlings (Fig. 3b) . Treatments had a significant, positive effect 364 on seedling third-year diameter, but the effect was not the same for black spruce and jack 365 pine. Large furrows (MSP L ) further increased black spruce diameter compared to MSP S 366 and MSP S +AC, but did not differ from MSP S +AC for jack pine diameter (Fig. 3c) . 367
Leader growth also responded to a significant Treatment × Species interaction: black 368 spruce was sensitive to an increase in treatment intensity, whereas jack pine only 369 responded to the presence or absence of mechanical site preparation (Fig. 3d) .
Competitive effect of the nearest alder (prediction P12) 375
Alder seedlings were taller, in average, than both black spruce and jack pine seedlings 376 (Fig. 3b) . Angular height between alder seedlings and planted conifers (measured in 377 
Facilitative and competitive effects of alder 422
The facilitative nature of alder species has been observed in various contexts (e.g., 423 D r a f t trenching would lead to accelerated growth of conifers planted on a site that was subject 432 to harsh subarctic conditions, compared to direct planting or scarification only. Planting 433 alder in scarified plots resulted in third-year conifer height responses similar to those 434 using intensive mechanical site preparation (large furrows). We measured the same type 435 of response for jack pine seedling diameter, demonstrating a facilitation effect of the N 2 -436 fixing species on conifer regeneration in a harsh subarctic ecosystem. 437
438
Our study did not allow us to identify the specific mechanism responsible for this positive 439 effect of alder on conifer dimensions. We expected that alder would benefit conifer 440 growth principally by increasing soil available-N through litter decay, but we did not 441 
Conclusions 480
Our study demonstrates that mechanical site preparation can be used to enhance conifer 481 seedling growth over the first few years to accelerate the rehabilitation of subarctic forest 482 ecosystems. Increasing scarification treatment intensity by creating larger furrows 483 provide a significant gain in seedling dimensions compared to a standard treatment, and 484 could thus be used when intensive treatments do not create social, economic or 485 environmental issues. Our results support simultaneous planting of a nurse-plant and the 486 desired species as a promising restoration practice, especially in harsh environments such 487 as subarctic ecosystems. Planting alder after conventional disc trenching resulted in 488 growth gains for conifers that were similar to using an intensive mechanical site 489 preparation treatment, which could be useful in environmentally and socially sensitive 490 conservation areas where intensive preparation is not desirable. On the other hand, there 491 is a risk that planted mountain alder seedlings, together with the natural regeneration of 492 this species, would overgrow the planted conifers due to their rapid growth rate. Growth 493 D r a f t 23 forestry operations in remote areas. Finally, detailed assessments of the interspecific 500 interactions are required to disentangle the mechanisms by which facilitation takes place. 501
502
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D r a f t
